The ab initio R-matrix method is used to calculate effective collision strengths for electronimpact excitation of the boron-like ion C II. We consider the fine-structure forbidden 2 P o 1/2 -2 P o 3/2 transition within the 2s 2 2p ground configuration as well as the 16 fine-structure transitions arising from excitation from the 2s 2 2p to the 2s2p 2 configuration. The 16 lowest L S target states are included in the calculation. Effective collision strengths are obtained by averaging the electron collision strengths over a Maxwellian distribution of electron velocities. Results are presented for electron temperatures in the range log T (K ) = 3.0-5.5, appropriate for astrophysical applications. Good agreement with previous evaluations is obtained.
I N T RO D U C T I O N
Carbon is one of the most astrophysically important elements, occurring as both neutral and ionized species. Singly ionized carbon is the predominant form of carbon throughout H II regions and also in the outer regions of molecular clouds. The 2s 2 2p 2 P o 3/2 -2 P o 1/2 transition has been observed along the ridge of star formation in NGC 6334 (Boreiko & Betz 1995) . Lines arising from the 2s 2 2p 2 P o J -2s2p 2 4 P J and 2s 2 2p 2 P o J -2s2p 2 2 D J transitions have been observed in spectra of planetary nebulae (Hyung et al. 2000 (Hyung et al. , 2001 ) and in high-velocity clouds of interstellar gas (Trapero et al. 1996) .
It is possible to use these features to obtain electron temperature and/or density diagnostics for the emitting plasma (Czyzak, Keyes & Aller 1986; Stanghellini & Kaler 1989) . It is also possible to determine physical conditions in quasi-stellar object absorbers (Silva & Viegas 2002) . It is therefore essential that accurate atomic data exist, to enable such information to be obtained.
Effective collision strengths were computed by Hayes & Nussbaumer (1984a) for the ground-state fine-structure transition for a range of temperatures up to 20 000 K. The program IMPACT was employed with the close-coupling approximation. Effective collision strengths for the 2s 2 2p 2 P o 1/2,3/2 -2s2p 2 4 P 1/2,3/2,5/2 , 2 D 3/2,5/2 transitions were reported by Hayes & Nussbaumer (1984b) .
Collision strength data for C II were calculated using the Rmatrix method by Lennon et al. (1985) . Eight L S target states were included. Effective collision strengths for a range of temperatures were presented for transitions among the 2s 2 2p 2 P o 1/2,3/2 , 2s2p 2 4 P 1/2,3/2,5/2 , 2 D 3/2,5/2 levels. The ground-state fine-structure transition was considered in more detail by Keenan et al. (1986) . E-mail: kl.bell@qub.ac.uk R-matrix calculations for electron-impact excitation of C II were also carried out by Luo & Pradhan (1990) . Ten L S target states were included. However, results reported were restricted to L S transitions. The fine-structure transition within the ground state was considered by Blum & Pradhan (1991) . The target states employed were the same as those used by Luo & Pradhan but some refinements were applied, notably the use of observed target state energies to improve resonance positioning, and the use of a more complete partialwave expansion. Effective collision strengths for all fine-structure transitions arising among the 10 L S target states are reported by Blum & Pradhan (1992) for a range of electron temperatures.
The availability of improved computing capabilities enables more sophisticated calculations to be undertaken. The aim of the present work is to perform such a calculation, by including an appropriate set of target states and considering carefully any resonance structure. We will thus be able to calculate accurate and reliable collision strengths and thence effective collision strengths for a range of temperatures of interest to astrophysicists.
T H E M E T H O D
We used the general configuration-interaction code CIV3 (Hibbert 1975) to calculate wavefunctions for the C II ion in L S coupling. This is achieved by expressing each state as a linear combination of single-configuration functions i possessing the same total L Sπ symmetry:
The mixing coefficients a i are the eigenvector components of the Hamiltonian matrix with particular L Sπ symmetry, which has elements
where H denotes the Hamiltonian operator. The corresponding eigenvalues are upper bounds to exact energies of the ionic states. α i represent the coupling of the angular momenta associated with the one-electron spin orbitals to form a total L and S and, if necessary, additional quantum numbers required to characterize the configuration state function i . We build the { i } from a set of one-electron functions, each consisting of a product of a radial function, a spherical harmonic and a spin function:
We choose these orbitals to be analytic in our calculations and express the radial part as a linear combination of Slater-type orbitals
where
The powers of r, {I jnl }, are held constant, but the coefficients {c jnl } and the exponents {ζ jnl } are treated as variational parameters when determining the radial functions. We include 14 orbitals in the present calculation, 10 'spectroscopic ' (1s, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f) and four pseudo-orbitals (5s, 5p, 5d, 5f). The c jnl , I jnl and ζ jnl parameters for the 1s orbital were taken to be the Hartree-Fock values calculated by Clementi & Roetti (1974) for the 2s 2 2p 2 P o ground state. The 2s and 2p functions were also taken from this state but were re-optimized on the energy of the 2s2p 2 2 S state. The n = 3 and 4 orbitals were obtained by optimizing on the energies of the 2s 2 nl 2 L states, with each optimization using only a single configuration. To account for differences in the 2s functions in the ground state and the 2s2p 2 states, a 5s function was obtained by optimizing on the energy of the 2s 2 2p 2 P o ground state, including Table 1 .
We then constructed configuration-interaction wavefunctions of the C II target states from this orbital set, using configurations generated by replacement of two electrons in the configurations 2s 2 2p and 2s2p 2 , keeping the 1s shell closed. This configuration-generation scheme yielded a total of 1060 configurations. The numbers of configurations employed in the representation of each of the 16 lowest target states included in the present work is given in Table 2 .
In Table 2 Table 2 . Target state energies (in Ryd) relative to the 3s 2 3p 4 3 P ground state of Cl II compared with values from the NIST data base, Luo & Pradhan (1990) and Lennon et al. (1985) . The R-matrix method, as described by Burke & Robb (1975) and Seaton (1987) was employed in the electron-scattering calculations, using the associated computer codes described by Berrington et al. (1987) . We included 40 Schmidt-orthogonalized continuum orbitals for each continuum orbital l, ensuring a converged R-matrix was obtained up to the highest electron energy considered (10 Ryd). The R-matrix radius was taken to be 28.8 au. The L S-coupled Hamiltonian matrices were adjusted so that their theoretical term energies matched the observed values from the NIST data base. The adjustment of energies in this way ensures the correct positioning of resonances relative to the thresholds included in the calculation. We note that the energy order of the two highest states included in this work differs from that given by the NIST data base. The energy levels for these two states were thus both adjusted to an energy of 1.5384 Ryd, the arithmetic mean of the two NIST values.
All total angular momenta up to and including L = 12 were included to form (N + 1)-electron symmetries with singlet, triplet and quintet multiplicities, for both even and odd parities. Consequently, for the optically forbidden transitions considered in this work, convergence of the collision strengths was fully achieved. However, for optically allowed transitions, it is necessary to consider the effect of higher partial waves with L > 12 since they significantly affect the collision strengths. We assume that the partial collision strengths form a geometric series expansion, with a geometric scaling factor given by the ratio of two adjacent terms. This 'topping-up' procedure has been used successfully in similar calculations (see, for example, Bell & Ramsbottom 2000; Ramsbottom, Bell & Keenan 2001) .
The configurations describing these (N + 1)-electron symmetries were generated by the addition of one electron to those configurations generated by the replacement of two electrons from the n = 2 complex in the electron distributions 2s 2 2p and 2s2p 2 . Having obtained the scattering K-matrices within the framework of the L Scoupling scheme, we utilize the JAJOM program of Saraph (1978) to transform to L S J intermediate-coupling including fine-structure mixing of the target terms and thus produce collision strengths, , between the J-resolved levels (McLaughlin & Bell 2000 provide fuller details of the transformation).
For excitation from level i to level f, a (dimensionless) effective collision strength ϒ if , in terms of , at electron temperature T e (in kelvin) is given by
where E f is the final free electron energy after excitation and k is Boltzmann's constant. In order for the Maxwellian-averaged effective collision strengths to be evaluated accurately, it is essential that the energy dependence of the collision strength is known over a wide energy range and for a large number of energy points. It is imperative that the complex autoionizing resonances, which converge to the target-state thresholds are fully delineated, since the presence of these structures can have a significant effect upon the effective collision strengths (see, for example, Ramsbottom, Bell & Stafford 1996) . In consideration of this, we have utilized a fine mesh of incident impact energies, typically 0.0002 Ryd across the energy range 0-10 Ryd. Pseudo-resonances, which arise as a result of the inclusion of pseudo-orbitals in the wavefunction representation (Burke, Sukumar & Berrington 1981 ) have been smoothed out for energies above the highest-lying threshold included in this work [2s 2 4f 2 F o ] using a cubic spline fit. This procedure ensures that there is no distortion of the effective collision strength results in the high-energy (and hence high-temperature) region. ground-state fine-structure transition. The resonance structure has been fully delineated by the fine energy mesh used. Of particular note is the broad resonance, which has a peak at 0. some authors recommending that the resonances should be shifted so that the strongest resonance lies at its observationally predicted position. Such a procedure leads to the calculation of effective collision strengths, which are very different from the values obtained from an unadjusted spectrum (Hayes & Nussbaumer 1984a; Keenan et al. 1986 ).
R E S U LT S A N D D I S C U S S I O N
In the absence of the confirmation of the position predicted by Edlen by direct spectroscopic observation, we have performed a superposition-of-configurations calculation using the CIV3 computer program for the 1 D o states of C I. The ionization potential for C I is known, and so we can calculate the energy above the ionization potential at which the 2s2p 3 1 D o state of C I lies, since the energy difference between the ionization threshold and the lowest 1 D o state (2s 2 2p3d) is also known. An appropriate initial set of orbitals was chosen. The 1s and 2s functions were taken to be the Hartree-Fock functions for the C I ground state of Clementi & Roetti. The real (2p, 3d, 4s) and corrector (3s, 3p, 5d) orbitals were obtained using the CIV3 code by optimizing on appropriate states of C I. We considered replacement of two electrons in the 2s2p 3 configuration with any two from the orbital set to generate the configuration-interaction wavefunctions. Further pseudo-orbitals were now included in the calculation and their effect on the energies is shown in Table 3 . The use of this large orbital set has enabled us to try to replicate the main channelcoupling effects that are in the R-matrix expansion. This 'final' energy of 0.1219 Ryd falls within the broad resonance structure observed in Fig. 1(a) and would clearly indicate that the Edlén energy value of 0.06 Ryd is in error. We therefore conclude that the unadjusted collision strength spectrum should be used to calculate the Maxwellian-averaged collision strengths.
In Table 4 we present effective collision strengths for the groundstate fine-structure transition at temperatures of 2000, 10 000 and 20 000 K and compare with previous determinations. Whilst Hayes & Nussbaumer (1984a) and Keenan et al. advised that the effective collision strengths obtained following adjustment (see above for more details) are more accurate than those obtained without adjustment, Lennon et al. and Blum & Pradhan (1991) Table 4 . A comparison of the present calculated effective collision strengths for the 2s 2 2p 2 P o 1/2 -2s 2 2p 2 P o 3/2 fine-structure transition with the previous evaluations of Blum & Pradhan (1991) , Keenan et al. (1986) , Lennon et al. (1985) and Hayes & Nussbaumer (1984a adjustment to be necessary. The present authors concur with this assessment and therefore consider a comparison with the unadjusted values to be more appropriate. For each of the three temperatures considered, the present effective collision strengths are, in the main, higher than the unadjusted results of other authors. At 2000 K the effective collision strength is more than 9 per cent higher than that of Blum & Pradhan. This is likely to be caused by the inclusion of a greater number of target states and the consequent increased amount of resonant structure. At higher temperatures, the difference is smaller. We note that at 10 000 and 20 000 K the present results are lower than the unadjusted results of Hayes & Nussbaumer. However, their work included a smaller number of configurations and used less accurate wavefunctions (energy separations within 3 per cent compared with 1.5 per cent in the present work). We are thus confident that the present results are more accurate.
consider no
In Fig. 1(b) we compare the effective collision strength graphically for temperatures in the range given by log T (K ) = 3.0-5. For each of the transitions, rather broad resonance structures can be observed in the incident electron energy range 0.4-0.6 Ryd. Beyond this energy, however, narrower autoionizing resonances converging to the thresholds included in this work appear in the spectrum. Care has been taken to ensure that these resonances have been fully resolved, as they have the effect of enhancing the effective collision strength.
The present effective collision strength data are presented, together with the results of Blum & Pradhan (1992) in Figs 2(b) and 3(b). For these two transitions, the effective collision strength decreases only very slightly in the temperature range given by log T (K ) = 3.0-4.5 before falling off rapidly towards higher temperatures. This sharp decrease in the effective collision strength is characteristic of forbidden transitions. A comparison with the work of Blum & Pradhan reveals that for the temperature range considered by them, the present results are up to 17 per cent higher. We also note that the shallow dip in effective collision strength followed by a small increase is not observed in this work.
A numerical comparison for all six transitions of the present Maxwellian-averaged collision strengths at temperatures of 2000, 10 000 and 20 000 K with previous evaluations is given in rows 1-6 of Table 5 . This reveals that the results obtained in the present work are higher than those from previous calculations at temperatures of 2000 and 10 000 K. We note, though, that the results are slightly lower than those of Hayes & Nussbaumer (1984b) at 20 000 K. However, given the accuracy of the wavefunctions employed and the careful consideration of resonances, we are confident in the accuracy of the present results.
The 2s
2 2p 2 P o -2s2p 2 2 D e fine-structure transitions
Examples of the collision strength data for the fine-structure transitions between the 2s 2 2p 2 P o and 2s2p 2 2 D e states are presented in C 2002 RAS, MNRAS 337, 1027-1034 Table 5 . A comparison of present C II 2s 2 2p-2s2p 2 fine-structure effective collision strengths with the previous evaluations of Blum & Pradhan (1992, BP) , Lennon et al. (1985, L) and Hayes & Nussbaumer (1984b, HN) at specific temperatures. Fig. 4 , the background collision strength increases gradually over the energy range within which the target states lie (0-1.538 Ryd). Some weak resonances, mostly narrow in shape, can be observed in the spectra. The effective collision strength is given in Fig. 4(b) and is compared with the work of Blum & Pradhan (1992) . For this transition, the effective collision strength rises gently with increasing temperature, up to a peak at log T (K ) = 4.5, after which it begins to fall rapidly. Within the determination of Blum & Pradhan (1992) . For this transition, the present calculated effective collision strength is higher than that of Blum & Pradhan by an average of 8 per cent over the temperature range for which a comparison is possible.
The numerical values of the effective collision strength for the four fine-structure 2 P o -2 D e transitions are compared in Table 5 with the results of Blum & Pradhan (1992) , Lennon et al. (1985) and Hayes & Nussbaumer (1984b) . The present evaluations are in good agreement with the previous calculations.
2 2p 2 P o -2s2p 2 2 S e fine-structure transitions
As an example, we present the collision strength for 2s 2 2p 2 P o 3/2 -2s2p 2 2 S e 1/2 in Fig. 6(a) . Following a rather broad resonance close to the threshold energy, the background collision strength increases gradually for the incident electron energy displayed. Many resonant structures can be observed in this energy range and have been fully delineated through the use of a fine energy mesh.
The Maxwellian-averaged collision strength corresponding to this transition is presented graphically in Fig. 6 (b) together with the values calculated by Blum & Pradhan (1992) . The effective collision strength from the present calculation decreases slightly with increasing temperature before log T (K ) = 3.75, after which it begins to rise. At first the increase is gentle but beyond log T(K), a steep rise in the effective collision strength can be observed. For lower temperatures [below log T (K ) = 4.25] the present results are up to 11 per cent less than those of Blum and Pradhan. However, at higher temperatures, the present evaluations become larger than the previous work.
We compare the present numerical values of the effective collision strength for the two 2 P o -2 S e fine-structure transitions at temperatures of 2000, 10 000 and 20 000 K with the evaluations of Blum & Pradhan (1992) in rows 11 and 12 of Blum & Pradhan (1992) in Fig. 7(b) . It shows a very shallow increase in effective collision strength with an increase in temperature up to log T (K ) = 4.25, after which the effective collision strength begins to fall rapidly. The results for 2 P o 3/2 -2 P e 3/2 are similar. The present results are lower than those obtained by Blum & Pradhan, for which the data show only a gradual rise. There are thus larger differences at temperatures higher than log T (K ) = 4.25. (Fig. 8b) , the effective collision strength can be seen to rise gradually with increasing temperature up to log T (K ) = 4.5, after which a shallow decrease in effective collision strength can be observed. Below log T (K ) = 3.75 the present results are seen to be lower than those of Blum & Pradhan (1992) ; above this temperature they become higher than the previous evaluations.
In the last four rows of Table 5 , the present evaluations of the effective collision strengths for the four 2 P o -2 P e transitions are compared numerically with the work of Blum & Pradhan (1992) . In general, good agreement is noted. 
C O N C L U S I O N S
We have presented collision strengths and the corresponding Maxwellian-averaged effective collision strengths for the groundstate fine-structure forbidden transition and for the 16 2s 2 2p-2s2p 2 excitations in C II. A 16-state R-matrix calculation was employed to obtain the results. The wide temperature range considered in this work [log T (K ) = 3.0-5.5] is appropriate for the application of the data to many astrophysical applications. The present results have been compared with previous work and in general good agreement has been noted. It is, nevertheless, difficult to predict the overall accuracy of the results presented in this paper. This can only truly be assessed by comparison with more sophisticated calculations and/or through application to the interpretation of astrophysical plasma data. We note that the target state wavefunctions employed are very accurate indeed. Experience from similar calculations for other ions (see, for example, Ramsbottom, Bell & Keenan 1999) would indicate an accuracy of around 10 per cent. However, a lower accuracy will certainly be the case for hightemperature results, for which the most serious errors will be caused by the omission of higher-lying states in the wavefunction expansion. We are confident that the accuracy of the present data will meet most of the requirements of plasma diagnostics.
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